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Abstract. The superior intrinsic properties of graphene have been a key research focus 
for the past few years. However, external components, such as metallic contacts, serve 
not only as essential probing elements, but also give rise to an effective electron cavity, 
which can form the basis for new quantum devices. In previous studies, quantum 
interference effects were demonstrated in graphene heterojunctions formed by a top 
gate. Here phase coherent transport behavior is demonstrated in a simple two terminal 
graphene structure with clearly-resolved Fabry-Perot oscillations in sub-100 nm devices. 
By aggressively scaling the channel length down to 50 nm, we study the evolution of the 
graphene transistor from the channel-dominated diffusive regime to the contact-
dominated ballistic regime. Key issues such as the current asymmetry, the question of 
Fermi level pinning by the contacts, the graphene screening determining the 
heterojunction barrier width, the scaling of minimum conductivity and of the on/off 
current ratio, are investigated. 
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Graphene is a zero-bandgap, two dimensional material with ultra-high carrier mobility and 
velocity1-2, properties which are highly desirable in high-speed and radio-frequency (RF) 
applications3-5. Electrons in graphene behave as Dirac fermions, exhibiting many unique 
transport phenomena such as Klein tunneling and suppression of carrier backscattering6-7. In 
particular, graphene heterojunctions are being proposed for novel applications involving 
electron manipulation in two-dimensions, such as electron focusing, collimation and 
guiding.8-11. Previously, the best available graphene heterojunction structures were 
demonstrated using ultra-short top gate structures12-15, whose fabrication usually involves 
rather complex and non-scalable fabrication processes and whose properties are sensitive to 
the top-gate oxide quality and thickness. Here we demonstrate that a simple, two-terminal 
device formed by standard lithography, where the heterojunction is formed by metal contact-
induced doping instead of a top-gate, can exhibit quantum interference oscillations.  
 
In graphene research, most transport studies have been carried out using Hall-bar structures 
to exclude metallic contact-induced effects and to probe the intrinsic electronic properties. 
Indeed, very high mobilities have been attained by reducing external perturbations16-17. 
However, the source and drain metallic contacts alter the intrinsic graphene properties and 
produce an effective electron resonance cavity which allows us to study quantum effects that 
are unique to graphene.  The full understanding of the entire graphene device including the 
source and drain electrodes is of vital importance in technology, especially when the contacts 
dominate electrical transport. In this work, by aggressively scaling the channel length to the 
point where the transport is ballistic and phase coherent, we are able to probe the quantum 
transport behavior in graphene transistors. This allows us to address various key issues such 
as Fermi-level pinning of graphene underneath the metal, metal induced heterojunction 
barriers, non-linear screening, and the origin of minimum conductivity. Unlike other 
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conventional semiconductors, all of these properties are uniquely determined by the graphene 
electronic structure. Thus, our study allows us to obtain essential information needed to 
explore quantum transport in ultra-small graphene devices, as required in the development of 
practical graphene transistors.  
 
Transport mechanism of a back-gated graphene transistor 
Arrays of transistors on mechanically exfoliated graphene were fabricated on a 90 nm silicon 
dioxide (SiO2) film on top of a heavily p-doped silicon substrate that serves as a bottom gate. 
The metal contacts for source and drain consist of a metal stack of 20 nm Pd and 30 nm Au 
with the Pd layer in direct contact with graphene. The transistors have the same channel 
width W = 1µm and varying source-drain spacing, which defines the channel length, varying 
from 0.5 µm down to 50 nm, as shown in the scanning electron microscopy (SEM) image of 
Fig. 1a. The smallest graphene transistor with channel length of 50 nm is shown in the inset 
of Fig. 1a. For electrons injected from the source region, their transport across the device can 
be analyzed as involving a series of five distinct regions, as shown schematically in Fig. 1b. 
Carriers first need to pass through a junction formed at the interface of the metal and the 
graphene underneath it (region I), with a certain transmission efficiency denoted as TMG. 
Since the graphene underneath the metal is doped by charge transfer (p-type in this case), a p-
n or p-p' junction forms between the graphene underneath the metal and the graphene in the 
channel region in the vicinity of the metal edges (regions II and IV). The contact junction 
width is not determined in this case by the oxide thickness alone, but rather by electrostatic 
non-linear screening18-19. In conventional transistors under sub-threshold conditions with 
negligible carrier density, the structure of the devices, such as gate oxide and the channel 
body thickness, determine the screening length. In the case of graphene, the carrier density 
always depends non-linearly on the electrostatic potential, so that a new carrier density 
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dependent lenghscale18-19 enters into the Poisson problem, namely  204 /M F Ml v n e    
(see methods). In graphene transistors, for typical carrier densities nM and dielectric 
environment , lM should not exceed a few nm. If this is true, the junction width is expected 
to be smaller than the mean free path mfp even in devices with a large gate dielectric 
thickness of 90 nm as in our case. Region III involves transport in the main graphene channel 
with length Lch, where the carriers can undergo scattering and may lose their ballisticity 
depending on the ratio of mfp and Lch. The graphene junction at the drain side has the 
opposite polarity of that at the source side and the overall structure can thus be viewed as two 
back-to-back p-n diodes. If the channel length is short enough so that transport across the 
channel remains ballistic, the back-to-back junctions form a ballistic p-n-p or p-p’-p structure 
depending on the back gate voltage. In region V, where carriers pass from graphene 
underneath the metal to the drain electrode, the process is identical to that in region I. 
Typically, symmetric electric currents for electron and hole branches are observed in 
measurements of Hall-bar graphene structures, as is expected from the comparable electron 
and hole mobilities in graphene. In a two-terminal configuration, however, as will be 
discussed further in this work, asymmetric electric currents for electron and hole branches are 
usually observed and attributed to contact-induced doping20-25.  In a long channel device 
where symmetric diffusive transport in the channel region dominates, the effect of contact 
doping can be studied by measuring the odd part of the total device resistance, Rodd= (Rn-
Rp)/Rp) 26-27. It is noted here that the odd resistance, which averages the contributions from 
carriers injected through different angles, is sometimes used as indirect evidence of Klein 
tunneling through the doped junctions14-15. Fig. 1c and Fig. 1d show the characteristic 
ambipolar gate-dependent transport of graphene transistors with three representative channel 
lengths at room temperature and 4.3 K, respectively. It is immediately evident that as channel 
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length decreases, the asymmetric contribution to resistance due to contact-induced junction 
increases relative to the total device resistance. Specifically, the p-side resistance decreases 
faster than the n-side resistance. This behavior and other transport phenomena due to channel 
length scaling are systematically analyzed below.  
 
Quantum interference in a two-terminal graphene device 
The quasi-ballistic transport of graphene devices as a function of channel length is described 
using Landauer’s approach. The conductance is given by the number of the participating 
conduction modes M and an averaged transmission coefficient TK as: 2(4 / ) KG e h MT  [28]. 
The number of modes in the absence of charge puddles and at zero temperature is given by 
 /F FM E v W   , where FE is the Fermi level shift relative to the Dirac point and Fv  
is the Fermi velocity (~ 1×108 cm/s). On the other hand, diffusive transport is described by 
the Boltzmann-Drude conductivity en  . The two approaches give the same result for a 
particular choice of the mean free path29. The 2D 
2mfp F
v  is determined by the scattering 
time.  From the mobility 4 mfpe h n    measured at carrier density n = 6 × 1012 cm-2, 
the mean free path in our two-terminal device is found to be about 80 nm at low temperature 
and 60 nm at room temperature. Therefore, in devices with channel length around 50 nm, 
transport is expected to be quasi-ballistic. Since the elastic mean free path is typically shorter 
than the phase coherence length in graphene at low temperatures, coherent transport across 
the small channel devices is expected. The transport processes involve carrier injection from 
a metallic contact and traveling through the two potential barriers (regions II and IV).  
Although most of the channel region is controlled solely by the back gate voltage, the two 
junction regions (region II and IV) in the vicinity of the metal contacts are already doped by 
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the metal and thus the carriers there may have a different polarity than that of the carriers in 
the channel. The resulting heterojunction can be modeled as two bipolar junctions, which 
form a resonant electron cavity that can lead to quantum interference. Indeed, in the device 
with channel length of 50 nm, where transport is quasi-ballistic and phase-coherent, clearly-
resolved current oscillations are observed at the n-branch as shown by the blue curve in Fig. 
2a. No such oscillations are observed in the p-branch. The distinctly different behavior of the 
electron and hole branches confirms that the graphene was p-doped underneath the metal 
contacts by charge transfer from the metal. In the p-branch, the interference of holes is much 
weaker due to the nearly transparent heterojunctions formed in a p'-p-p' structure7,30-31.   
 
Modeling of an ideal graphene heterojunction 
To analyze the oscillations seen in the experiment in Fig. 2a, we first consider a simple model 
(1) for the device resistance in the ballistic limit with transparent contacts, i.e. with TMG=1 
and a pinned Fermi level in graphene under the metal. For the electrostatic potential, which 
controls the transmission TK through the heterojunction and, hence, the amplitude of the 
oscillations, we use the model described in the Methods section. The electrostatic potential 
profile of the graphene heterojunction induced by the contacts was predicted to decay fast, 
within a range of a few nanometers18-19. The width of this barrier, defined here as the position 
at half maximum, is mainly determined by the effective dielectric constant of graphene on the 
substrate, which in this case is SiO2 (see the Supplementary information). The resistance of 
the 50 nm device, shown as the red dashed curve in Fig. 2a, is computed using the Transfer 
Matrix Method (TMM)32 with essentially one varying parameter in the model, the Fermi 
level of graphene under the metal, which is first assumed to be pinned, V0 = 100 meV. This 
choice of V0 is consistent with theoretical predictions21 and the measured gate dependence of 
the resistance on the p-branch, which can be reproduced by a more sophisticated simulation 
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using the same value of V0 (see below). As shown in Fig. 2a, the period of the oscillations is 
determined by the cavity length in the simulation and it matches well the period observed in 
the experiment, confirming their nature as electron Fabry-Perot oscillations. The origin of the 
oscillations can be understood as a coherent tunneling and reflection between two barriers 
with the transmission coefficient  yT p :  2(4 / ) / 2y yG e h W T p dp   , with 
  2 2
1 e
y i
TT p
R 


, where yp  is the transverse electron kinetic momentum with the phase 
shift gained in a roundtrip x ch2k L    determining the maximum resistance with   the 
phase shift from the tunneling of the two barriers7,30-31, each with transmission T (R=1-T). 
Both experimental resistance peak positions and those from the TMM simulations agree well 
with the simple interferometer expression FF
cav
vE N
L
   as shown in Fig. 2b using as a 
single fitting parameter the cavity length Lcav, The experimental Fermi levels were found 
from the gate voltage VBG and back gate capacitance CBG using the 
relation F F BG BGE v C V  .  Agreement between the experimental results and the 
interferometer model is obtained when Lcav ≈ 50 nm, i.e. when the cavity length is very close 
to the measured channel length.  
 
The small barrier width deduced in this way verifies the theoretical predictions18-19,24 that 
non-linear screening effects play a very important role in graphene. However, while the 
oscillation patterns in the ballistic simulation coincide with the experimental ones, the overall 
gate dependence of the simulated resistance deviates significantly from the experimentally 
observed behavior. In particular, the resistance asymmetry predicted by our simulations is 
only about 30%, while the measured data suggest a factor of three stronger asymmetry. 
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Although, by assuming a larger barrier width one could obtain a stronger asymmetry, the 
larger width would also lead to a period larger than that experimentally observed in Fig. 2a. 
(see Supplementary information Fig. S3). Therefore, a more realistic contact model is 
required in order to simultaneously reconcile both of these experimental features, as 
discussed next. 
 
Modeling of a realistic graphene heterojunction 
To describe the overall shape of the experimental resistance quantitatively, we extended the 
model to allow for (a) the modulation of the graphene Fermi level under the metal by the 
back gate voltage, i.e. not assuming Fermi level pinning, (b) the broadening of the electronic 
states under the metal, and (c) the presence of electron-hole puddles in the channel. The 
effect of the contacts is captured by rescaling the ideal heterojunction resistance RK according 
to  tot K MGR R 2 T 1  . We chose realistic values for the parameters in model (2), 
specifically, the metal-induced doping V0, the effective graphene-metal electrostatic distance 
d1,  which  determines the capacitive coupling to the metal32-33 (see Supplementary 
information), the graphene–metal contact transparency TMG, the electron-hole puddle density 
in the channel npd, and the broadening of the graphene DOS underneath the metal VpdM . (See 
Supplementary information ) The result of the simulation is plotted in Fig. 2a as the solid red 
line. The simulation now agrees remarkably well with the experimental data (blue line), not 
only for the oscillatory part with well fitted peaks and valleys, but also with respect to the 
value of the resistance across the entire gate voltage range. The previously underestimated 
asymmetry between the electron and hole branches is now accounted for by finding in the 
simulation that a broadened second resistance peak develops, which is associated with the 
graphene Fermi level crossing the Dirac point underneath the metal at a back-gate voltage 
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around VGD2=15-20V. This shows that the partial pinning of the Fermi-level of the graphene 
underneath the metal can have a strong impact on the transport asymmetry which is typically 
observed in graphene devices such as those in Figs. 1c and 1d.  Using the same model and the 
same parameters, the ballistic prediction for the total resistance of the same 50 nm graphene 
device at room temperature also fits the experimental data extremely well, as shown in Fig. 
2c, corroborating the validity of our model.  
 
To further explore the chiral behavior of the carriers in a ballistic graphene heterojunction, 
we applied a magnetic field (B), which bends the carrier trajectories and changes the incident 
angles at the p-n interfaces. The y-component of electron kinetic momentum changes 
to y yp p eBx  . Since the non-normal incidence carriers contribute to the oscillatory 
resistance, the applied magnetic field would result in a phase shift of the quantum oscillations 
referred to as “half-period” shift at a certain critical B-field that depends on the back gate 
bias14-15,31. We investigated the B field dependence of the oscillatory part of the conductance 
of a longer channel device with the length of 70 nm, which is shown as solid lines in Fig. 2d. 
The corresponding theoretical predictions shown in Fig. 2d as dashed lines are in good 
agreement using a fitting parameter of Lch = 70 nm. Both curves display the near -phase 
shift as indicated by the gray bars in Fig. 2d when the B-field is changed from 0 T to 2 T 
(critical field ~ 0.24 T [7]), which again serves as strong evidence of the chiral nature of 
electrons in graphene and the formation of Fabry-Perot quantum oscillations in this simple 
two-terminal system. The fact that the experimental resistance peak positions in both the 50 
nm and 70 nm devices agree well with the expectations of the interferometer model using 
cavity lengths close to the geometric length of transistor channels sets the upper-limit on the 
width of the p-n junction barriers to only a few nanometers, verifying the theoretical 
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predictions18-19. Compared to previously used, ultra-short, top-gated resonance cavities, the 
simple device configuration and fabrication processes employed here present an advantage in 
potential quantum interference applications.  
 
Channel length scaling and Fermi level pinning  
The evolution of the ballistic device resistance features as a function of channel length, such 
as electron-hole asymmetry, minimum conductivity, and the on/off ratio were systematically 
studied here and the results are summarized in Fig. 3. The electron-hole asymmetry in two-
terminal graphene devices, expressed as (Rn-Rp)/Rp, is plotted against the Lch for a number of 
devices both at room temperature and at 4.3 K in Fig. 3a. In this case, Rn and Rp are defined 
as the resistance at VBG-VCNP = 25 V and -25 V, respectively. Here, the charge neutrality point 
(VCNP) is the gate voltage at the maximum resistance. The effective total, incoherent 
transmission coefficient through the graphene channel, two graphene-metal and two graphene 
under the metal - graphene in the channel junctions in the Landauer formulation is given by 
[28]: MG chK
MG K mfp
1 T L1 T1 T 2 2
T T T 
     , where TMG is a gate independent transmission 
coefficient and TK is a gate dependent transmission coefficient of the p-n junction through 
Klein tunneling. We note here that TK is an averaged coefficient for carriers injecting from all 
angles. In the channel-limited transport regime, the carrier density in the channel determines 
the device resistance. On the other hand, in the contact-limited transport regime, the number 
of conduction modes is determined by the carrier density in graphene under the metal with its 
initial value determined by the metal-graphene charge transfer and further modified by the 
back gate voltage. The evolution of the asymmetry is clearly channel length dependent as 
transport evolves from diffusive to ballistic in Fig. 3a. In the case of fully ballistic transport 
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with mfp  much larger than chL , the asymmetry will only be determined by the difference of 
chiral tunneling efficiency, provided the number of conduction modes is kept the same. At 
negative gate biases, the channel region is p-type, therefore, the graphene junction is of the p'-
p type where 1KT  . However, when the back gate is biased positive, the channel region is 
n-type doped and the graphene junction is of the p'-n type, where 1KT   because of the 
scattering of non-normally incident carriers. However, the difference of transmission 
coefficient of Klein tunneling alone cannot yield the amount of the asymmetry in the channel 
resistance, as suggested by the fitting in Figs. 2a and 2c, so the changing number of 
conducting modes of the graphene underneath the metal contributes to the asymmetry 
significantly. When the back gate switches from negative to positive bias, it not only 
increases the energy of the Fermi-level in the graphene channel, but also raises the Fermi-
level in the graphene underneath the metal so it becomes more weakly p-type, having a 
decreased number of conduction modes. The strong asymmetry observed experimentally, as a 
result of these two effects, supports a variation of the Fermi-level of graphene underneath the 
metal as a function of gate bias. The larger asymmetry observed at 4.3 K is due to the thermal 
broadening of the states as well as to the improvement of TMG at low temperature. 
 
Minimum conductivity and current on/off ratio 
The minimum conductivity of a graphene transistor which determines the “off-state” current 
has also been a widely studied topic34-38. It was predicted that for a perfect graphene sheet, its 
intrinsic minimum conductivity is determined by transport via contact-induced evanescent 
modes and approaches the value of 4e2/h at a large W/L ratio35.  In realistic devices, extra 
complexity is introduced by bulk disorder and the effect of contacts. In particular, the 
understanding of the role of contacts on minimum conductivity is still unclear34. Previous 
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experimental studies suggested that for devices whose dimensions are smaller than the typical 
lengthscale of electron-hole puddles, size scaling of the minimum conductivity follows the 
evanescent mode model36. On the other hand, devices with larger dimensions can exhibit 
more complicated, finite size scaling effects38. In our experiment, all the devices have the 
same channel width of 1 µm with lithographically defined edges. Since our width is much 
larger than typical electron-hole puddles length scale39, the puddle-induced minimum carrier 
density minn is not negligible. We plot  min  as a function of the aspect ratio W/L in the inset 
of Fig. 3b. In the limit of a W/L ratio of about 20, it does approach 4e2/h. However, the 
experimental trend clearly deviates from that predicted by the evanescent mode model shown 
as the black dashed curve in Fig. 3b. Instead, min  can be well accounted for if we assume a 
propagating mode dominated transport model, where the number of modes 
min /M W n   is given by the puddle-induced minimum carrier density. An effective 
transmission coefficient T through the graphene channel and two graphene-metal junctions at 
the charge neutrality point is given by: MG ch
MG mfp
1 T L1 T 2
T T 
   .  This leads to a quasi-
ballistic formula for the minimum conductivity given by [28]: 
2
min min
24 / ch MGch
mfp MG
L Te L n
h T
  
     
 , which is used to analyze the data in Fig. 3b.  
 
The effectiveness of the modulation of a graphene transistor, especially for devices with very 
small channel length, is of vital importance to any related technological applications in 
analog electronics. Here we study the modulation ability in scaled graphene devices through 
their on/off current ratio for both n-type graphene transistors and p-type transistors as shown 
in Fig. 3c. Here the on/off ratio is defined as the ratio of maximum resistance at the charge 
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neutrality point and the minimum of resistance at the p-side (-25 V away from VCNP) or at the 
n-side (+25 V away from VCNP). Notice that the on/off ratio of p-type transistors is larger than 
that of n-type transistors. This is mainly due to the electron hole asymmetry as discussed 
above. The on/off ratio decreases for smaller channel length devices, due to the transition of 
transport from diffusive to ballistic and the increasingly important role of the contact 
resistance. In the diffusive transport limit, the current is linearly dependent on the carrier 
density nch. However, in the ballistic regime, the current has a weaker carrier density 
dependence of chn . When the channel length is reduced below 10 nm, i.e. it becomes of the 
order of the barrier width of the heterojunction, the on/off ratio should approach unity due to 
the loss of the control of the Fermi-level in the graphene channel by the gate voltage. In a 
well-developed technology like that of silicon electronics, the continuous process of channel 
length down-scaling is accompanied by efforts to further reduce the contact resistance. In the 
case of graphene FETs, the lowest contact resistance achieved so far is around 100 ohmµm, 
and there is no clear route to significantly decreasing this resistance. Unlike in conventional 
bulk semiconductors, metallic contacts not only introduce an extra resistor through TMG, but 
also introduce a heterojunction, the chiral tunneling efficiency of which imposes extra 
resistance to transport. In order to achieve the maximum on/off ratio, one needs to choose a 
metal that would maximize this tunneling efficiency. The metal should have the right work 
function depending on the transistor polarity, namely, higher work function for p-type 
transistor and lower work function for n-type transistor. The current modulation results from 
the capability to modulate the number of conducting modes in the channel region (region III) 
and the electron-hole puddle density originating from disorder and scatterers, which could be 
improved with better quality graphene and insulator materials. 
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In summary, we have performed a systematic study of the behavior of graphene transistors 
upon changing the transport mechanism from diffusive to ballistic by varying the transistor 
channel length. Upon length scaling, clear signatures of electron quantum interference are 
seen. These are due to the metal contact-induced graphene heterojunction formation and 
indicate the appearance of the coherent transport regime. The nature of the electric current in 
such graphene heterostructures is discussed and attributed to the combined contributions 
from the metallic contact induced doping as well as the electrostatic control by the gate. The 
transport mechanism near the charge neutrality point has also been probed and propagating 
modes across electron-hole puddles formed are found to dominate the minimum conductivity.  
 
Methods 
We model the charge carrier density in the channel region III using: 
1 / 1 /( ) ( )
( ) / ( ) /
ch M ch M
M ch M
b M ch b M
V V V Vn x n n x n
x x l L x x l
      , for  0 ≤x≤  Lch,         (1) 
 ( ) ( )ch BG D gen x C V x V   , where the oxide thickness is d = 90 nm and the dielectric 
constant oxide=3.9 determine the gate capacitance CBG. At zero temperature and in the 
absence of disorder, the relationship between Fermi energy ( )DeV x  and the carrier density is 
given by ( ) sign( ( )) ( ) /D qeV x n x n x C , where the quantum capacitance is given by 
  12 2q FC v   . The graphene metal doping nM(VM) is calculated as in Ref. [32] (see 
supplemental information). The Fermi energy in the channel far away from the contacts cheV  
is calculated using a carrier density BG gC V . The values of bx  are chosen to ensure a 
continuous electrostatic potential ( )DV x . Eq. (1) is motivated by the asymptotic form of the 
carrier density decay away from the metal contact in the large d limit, see Ref. [18]. Note, 
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that an effective  = (oxide+air)/2 defines the screening length that controls the p-n junction 
width18,19  204 /M F Ml v n e   , which in turn determines the asymmetry and together 
with the channel length the effective cavity length, and, hence, the period of oscillations (see 
supplementary information). For small barrier width of the order of a few nanometers, we 
find that the detailed shape of the electrostatic potential has little impact on the results of the 
simulation. The p-n-p resistance (in the absence of broadening, zero temperature, and at zero 
bias) is given by
2
0
0
1 4 , ,
ch
M
y x x L
ntot
e nT k E E
R hW W

 

     , where ( ) ( )DE x eV x  . Extension 
to finite temperatures is straightforward28.   
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Figure Captions 
Figure 1: Fabrication and ambipolar transfer characteristics for graphene transistors. 
(a), SEM image of an array of bottomed-gated graphene device with different channel length. 
Scale bar, 2 µm. Inset: SEM image of a 50 nm channel length device. Scale bar, 100 nm (b), 
Schematic view of a bottom-gated graphene transistor and the transport processes in five 
regions. (c), Total resistance versus back gate voltage sweep relative to charge neutrality 
point for three different channel lengths: 500 nm (black line), 170 nm (red line) and 50 nm 
(blue line) at room temperature and at 4.3 K (d).  
 
Figure 2: Experimental and theoretical analysis for ballistic short channel graphene 
devices. (a) Resistance versus relative back gate voltage for a 50 nm device at 4.3K. 
Experimental data (blue curve) and ballistic modeling using:  (1) a channel length  Lch=52 nm, 
Fermi level in graphene under the metal pinned at V0=100 meV, and transparent metal to 
graphene junctions (red dashed line) and (2) using a non-ideal graphene metal barrier with 
TMG = 0.36, the Fermi level under the metal described by the electrostatic model (see 
Supplemental information) with a metal to graphene distance d1 = 1.3 Å, and electron-hole 
puddles (see Supplementary information) with  npd = 1.1 × 1012 cm-2 , and VpdM =150 meV 
(red solid line). In both models (1) and (2) the resonance peak positions, marked by the 
vertical dashed lines, are determined by the cavity length, while the amplitude of the 
oscillations is determined by the reflection coefficient at the junction between graphene 
underneath the metal and graphene in the channel. In model (2), inhomogeneities reduce the 
oscillation amplitude and capacitive coupling to the metal gives rise to the gate dependence at 
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negative VBG. (b) Energy position of oscillation peaks from experiment (black), ballistic 
model 1 (red), and fit to the interferometer equation (blue). (c)  Same as (a) at 300K: 
experiment (blue), model 1 (red-dashed), model 2 (solid red). (d) Resistance versus relative 
back gate voltage for a 70 nm device at 4.3 K. Experimental data (solid lines) and simulations 
(dashed lines) using model 2 (same parameter set as in (a)) at magnetic fields B = 0 T (black), 
0.5 T (red), 1T (green), 1.5 T (blue) and 2 T (cyan). The arrows indicate the half-period shift 
under the magnetic field. 
 
Figure 3: Scaling behavior of resistance asymmetry and minimum conductivity for two 
terminal graphene devices. (a) Resistance asymmetry versus channel length at room 
temperature (red circles) and at 4.3 K (blue squares). The lines are to guide the eye. (b) 
Experimental data of minimum conductivity versus channel length at room temperature (red 
circles), at 4.3 K (blue squares), and simulation of evanescent mode prediction (black dashed). 
For TMG0.4, the fit to the propagating mode model (solid curves) uses a mean free path of ~ 
75 nm and a minimum carrier density of about ~3 × 1011 cm-2 Inset: The same data set versus 
aspect ratio W/L.  (c) Current on/off ratio versus channel length at 4.3 K for n-FET (red) and 
p-FET (black). The lines are to guide the eye. 
 21
Figure 1
a b
c d
I
II IV
V
III
VBG
EF
EDirac
-20 0 20
1
 VBG-VCNP (V)
0.5
T = 300 K
 
 
 R
 (k
)
2
-20 0 20
1
2
 VBG-VCNP (V)
 
 
T = 4.3 K
R
 (k
)
0.5
 
 
 
 
 
 22
1 2 3 4 5
50
100
150
200
250
 Experimental data
 Ballistic modeling
 Fitting with Lcav = 50 nm
 
 
E F
_p
ea
k (
m
eV
)
Index of resistance peaks
Figure 2
a
b
c
-20 -10 0 10 20
200
400
600
 
 
R
 (o
hm
 m
)
VBG (V)
N=1 2 3 4 5
-20 -10 0 10 20
200
400
600
800
 
 
R
 (o
hm
 m
)
VBG-VCNP (V)
 
 23
                          
d
5 10 15
0
2
4
6
8
G
osc  (e
2/h)G
os
c (
e2
/h
)
VBG-VCNP (V)
0
5
10
15
                      
   
 
 24
Figure 3
a
b
c
0 100 200 300 400 500
0.0
0.2
0.4
0.6
0.8
1.0
 
T = 300 K
T = 4.3 K
(R
n-
R
p)
 / 
R
p
Lch (nm)
0 100 200 300 400 500
1
2
3
4
5
T = 4.3 K
T = 300 K
 
 
 m
in
 (4
e2
/h
)
Lch (nm)
0 5 10 15 20 25
1
2
3
4
5
 
 
 m
in
 (4
e2
/h
)
W/L
 
 m
in
 (4
e2
/h
)
 
 m
in
 (4
e2
/h
)
0 100 200 300 400 500
1
2
3
4
5
6
n-FET
 
 
O
n/
of
f r
at
io
Lch (nm)
p-FET
T = 4.3 K
 
